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The central tolerance, which is established in the thymus, significantly reduces the self-reactive 
repertoire of T cells and thereby prevents the development of auto-immune diseases. Essential for this 
process is the protein Auto-immune regulator (Aire), which is expressed by rare medullary thymic 
epithelial cells (mTEC). Aire drives the promiscuous gene expression of thousands of tissue restricted 
antigens which are critical for efficient negative selection of self-reactive T cells and the selection of T 
regulatory cells. The research of the last two decades have uncovered the role of NF-kappa B signaling in 
establishment of central tolerance. Here I summarize the most important evidence revealing the key 
role of NF-kappa B signaling in mTECs development and direct regulation of Aire gene expression, which 
argues for previously unappreciated fact that NF-kappa B signaling is the master regulator of processes 
that guide the development, maintenance and function of central tolerance.  
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Abstrakt: 
Ce t ál í tole a e, kte á je usta o e a  th u, ýz a ě edukuje epe toá  auto- eakti í h T 
l fo tů a tí  u ožňuje před házet oz oji autoi u it í h o e o ě í. P o te to p o es je ez t ý 
protein Autoi u it í egulátor Ai e , kte ý je e p i o a ý u ikát í i edulá í i epiteliál í i 
uňka i thymu (mTEC). Aire řídí p o iskuit í ge o ou e p esi tisí ů tkáňo ě spe ifi ký h a tige ů, 
kte á je zásad í p o úči ou egati í selek i auto- eakti í h T l fo tů a selekci T egulač í h 
l fo tů. Výzku  posled í h d ou dekád poukazuje na roli NF-kappa B signalizace v usta o e í 
e t ál í tole a e. V této p á i předkládá  ejdůležitější poz atk  dokládají í její klíčo ou oli e ý oji 
mTEC u ěk a v pří é egula i ge o é exprese Airu, kte é ho oří e p ospě h doposud edo e ě é 
skuteč osti, že NF-kappa B signalizace je hla í  eguláto e  p o esů podílejí í h se a ý oji, 
ud žo á í a fu k i e t ál í tole a e. 
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Vertebrates and especially mammals possess the adaptive immunity which endows them with highly 
specific immune responses and immunological memory against a vast array of pathogens. On the other 
hand, the adaptive immunity, embodied via the specificity of their lymphocyte and especially T cell 
receptors (TCR), also exhibits the capacity to recognize self-antigens and attack host own tissues which, 
in turn, can lead to the development of autoimmunity. To prevent this undesirable effect, several 
mechanisms of central tolerance exist that are capable to severely limit the auto-reactive repertoire of T 
cells and thus protect individuals against the onset of autoimmune attack. The past twenty years 
brought a new insight into the mechanisms underpinning central tolerance. Functional integration of 
these mechanisms and their sub-compartmentalization into distinct thymic microenvironments where 
the  o ito  the de elop e t of aï e T ells th o tes  a d sele ts hi h of the  a e suita le to 
enter the periphery is the basic operational definition of central tolerance. The objective of my thesis is 
to summarize the most relevant results of contemporary research which have characterized these 
mechanisms with emphasis on the role of NFκd sig ali g i  establishment, maintenance and function of 
central tolerance. 
2. T cell central tolerance 
2.1. Thymus and T cell development 
The proper function of the thymus remained elusive for quite a long time. The breakthrough came in 
´s when neonatal thymectomized mice were firstly used to assess thymus functions in newborns 
(Miller, 2002). These experiments revealed severe dysfunctions of lymphopoiesis and susceptibility to 
infections in neonatal mice suggesting that thymus play an indispensable role in immunity of postnatal 
life and does not merely function as a graveyard  of dead thymocytes, as previously thought (Miller, 
2002). Subsequent experiments pointed to the critical role of thymus in the development and 
maturation of T cells. T cells are derived from common lymphoid progenitors (CLP) differentiated from 
the hematopoietic stem cells residing in the bone marrow. CLPs then migrate to the thymus where they 
undergo further development. After entering the thymus, in cortico-medullary junctions (CMJ), 
developing T cells pass through the cortex and medulla, where they accomplish their maturation process  
and are subjected to positive and negative selection, respectively (Petrie, 2002). T cells, as 
representatives of adaptive immunity, are capable to recognize inconceivably wide range of antigens via 
their TCRs. This capacity is endowed by the VDJ gene recombination (Roth, 2014), during which 
recombinases, RAG1 and RAG2, rearrange gene segments constituting the α and β chains of TCRs 





thymocytes which progressively rearrange their TCRs and transit to double 
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 co-receptors and completed 
rearrangement of αβ TCR (Germain, 2002). During their transition from DN to DP stage, thymocytes 
interact with several cell types residing in the thymic cortex, including cortical thymic epithelial cells 
(cTECs) which together with thymic fibroblasts condition the microenvironment important for this 
process by expression of DLL4 (delta-like notch ligand 4), cytokines IL-7 (interleukin 7), TGFβ (tumor 
growth factor β) or stem cell factor and chemokines CCL25 (chemokine C-C motif ligand 25), CXCL12 (C-
X-C motif chemokine 12) or CCRL1 (C-C chemokine receptor type 1) etc. (Ohigashi, Kozai and Takahama, 
2016). Once thymocytes reach their DP stage they are subjected to processes that test the functionality 
and self- specificity of their TCRs, positive and negative selection, respectively. 
2.2.  Affinity model of thymocytes selection 
Positive and negative selections are crucial processes for establishment of T cell central tolerance. The 
common denominator of these two processes is a widely accepted affinity model  of sele tio  hi h is 
depicted in Figure 1. Basically, this model proposes that the fate of thymocytes is determined by the 
affinity of its TCR to peptide fragments presented in the context of major histocompatibilty complex 
(MHC) on various thymic antigen presenting cells (APC).  
About 90% of all TCRs reveal no or only a negligibly low affinity to presented peptides. Thus, these 
thymocytes are not capable to interact via TCR with surrounding cells and die by neglect (Palmer, 2003). 
It is postulated that low affinity interactions of TCRs with peptide-MHC complexes (pMHC) result in 
positive selection, whereas high affinity interactions result in negative selection of developing 
thymocytes (Klein et al., 2014). Importantly, T cells with TCR affinities falling in between positive and 
negative selection range have been implicated in their conversion into T regulatory cells (TReg) (Jordan et 
al., 2001). Notably, according to several studies (reviewed in (Bains et al., 2013)), TRegs are selected 
through intermediate and/or higher affinity interactions compared with a high affinity of negatively 
selected thymocytes. However, it seems that affinities of TRegs and negatively selected TCRs overlap to a 
large extent (Lee et al., 2012).   
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Figure 1) Affinity model of thymocytes selection: Crosshatched peak on the left symbolizes almost none 
affinity of thymocytes to pMHCs resulting in death by neglect. Low affinity interactions in green allow 
positive selection, whereas high affinity interactions in red lead to apoptosis. TReg cell selection affinity 
range in yellow sits between positive and negative selection and shares stochastic affinity overlap with 
negative selection. Inspired by (Klein et al., 2014). 
Importantly, while the affinity model is generically applicable for both positive and negative selection 
processes, caution must be exercise as this model largely ignores distinct cellular microenvironments 
and parameters of pMHC presentation in the cortex an medulla, respectively (Klein et al., 2014). 
2.3. Positive selection in the thymic cortex 
DP thymocytes, with fully matured TCRs, are first tested for the ability to bind pMHCs presented by 
cTECs in a process referred to as positive selection. As described previously, only low affinity TCR/pMHC 
interactions lead to the survival of developing thymocytes (Klein et al., 2014). During the interaction 
with cTECs, DP thymocytes become single positive (SP) which means that they lose one co-receptor 
expression from the pair CD8/CD4. If the TCR on DP cell interacts with pMHCI, thymocyte becomes CD8 
restricted. Conversely, interaction with pMHC II results in the development of CD4
+
 thymocytes (Palmer, 
2003). It was also described that CD8/CD4 restriction is dependent on specific transcription factors, 
specifically Runx3 (for CD8 restriction) (Setoguchi et al., 2008) and Th-POK (He et al., 2005) which drives 
the differentiation into CD4
+
 thymocytes and also repress the expression of Runx3 (Luckey et al., 2014). 
It is still not fully understood how peptides are generated and presented in the context of MHC 
molecules during positive selection. Several studies, which are discussed below, revealed that cTECs 
utilize unique proteolytic pathways for chopping available peptides, which suggest the presentation of 
unique peptide ligands (ligandome) on their MHC molecules which, by definition, differ from peptides 
generated and presented by mTECs. While, there is some evidence for unique cTEC ligandome, its more 
systematic characterization is still required (Lo et al., 2009; Santori et al., 2002; Sasaki et al., 2015).  
Unique ligandome of cTECs was shown to be produced by the unique enzymatic apparatus involved in 
MHC II processing machinery. Notably, cTECs express cathepsin L, encoded by Ctsl gene, instead of 
cathepsin S, which is produced by most of the APCs including mTECs (Nakagawa et al., 1998). Cathepsins 
are lysosomal proteases specific for the cleavage of invariant chain (Ii) from MHC II molecules (Honey 
and Rudensky, 2003). However, Cathepsin L, exclusively expressed by cTECs, exhibits an additional 
capability to cleave peptides for MHC II presentation and thus enlarge the cTEC ligandome (Honey et al., 
2002). In the context of positive selection, analyses of Ctsl
-/-
 mice revealed  a severe reduction in the 
frequency and repertoire of positively selected CD4
+
 thymocytes and also led to the impairment of Ii 





suggested that repertoire reduction in positively selected thymocytes was not due to absence of Ii 
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degradation, but rather due to changes in specific peptide generation by cTECs (Honey et al., 2002). 
Another unique cTEC enzyme is thymus-specific serine protease (TSSP) encoded by Prss16 gene  which 
also shapes  its MHC II ligandome (Bowlus et al., 1999). TSSP
-/-
 mice revealed reduced repertoire of 
positively selected CD4
+
 thymocyte TCRs, likely due to loss of presentation of some peptides which were 
TSSP dependent (Gommeaux et al., 2009). 
Specific feature of thymic epithelial cells (TECs) is high constitutive macroautophagy (Mizushima et al., 
2004). During this process, a portion of cytoplasm, which contain some organelles and nucleus, fuse 
with endosomes or lysosomes and content of these newly formed autophagosomes is cleaved to small 
peptides (Feng et al., 2014). cTECs utilize macroautophagy for MHC II presentation during positive 
selection instead of classical exogenous loading of peptides on MHC II molecules which is inefficient in 
cTECs and more generally in TECs (Klein, Roettinger and Kyewski, 2001). Transplantation of the Atg5
-/-
 
thymus with abrogated macroautophagy, into variety of TCR transgenic (tg) mice, whose TCRs are for 
instance restricted to specific peptide, revealed the reduction of positive selection of CD4
+
 thymocytes. 
Thus, this study suggests that the generation of certain peptides utilized in positive selection is strictly 
dependent on macroautophagy (Nedjic et al., 2008). 
cTECs also utilized a specialized enzymatic machinery for MHC I antigen processing and presentation, 
which participates in positive selection of CD8
+
 thymocytes. Specifically, cTECs express a unique subunit 
of proteasome called β t, hi h is e oded  Ps  ge e a d defi es a specialized type of 
proteasome termed thymoproteasome (Murata et al., 2007). Psmb11
-/-
 mice showed only slightly 
reduced frequency of positively selected CD8
+
 thymocytes (Murata et al., 2007), but these cells 
possessed a limited TCR repertoire (Nitta et al., 2010) and demonstrated impaired immunological 
properties including antigen responsiveness and reduced abilit  to ai tai  aï e T ell population in 
the periphery (Takada et al., 2015). Concerning positively selecting peptides it has been suggested that 
β t edu ed the h ot psi -like activity of thymoproteasomes, which points to the ability of cTECs to 
generate mainly low affinity ligands for TCRs (Murata et al., 2007).  Such findings were confirmed by 
recent article demonstrating that peptides cleaved by thymoproteasome are frequently enriched by low 
affinity ligands to TCRs that enable cTECs to support the low affinity TCR signaling which, in turn, induces 
positive selection of CD8
+
 thymocytes (Sasaki et al., 2015).  
Thus, positive selection examines the functionality of TCR clones through the presentation of unique 
peptides.  Because the VDJ recombination is a stochastic process which may give rise to TCR clones 
recognizing either physiologically important foreign peptides or self-peptides, the recognition of which 
may lead to the development of autoimmunity, the mechanism which eliminates these self-reactive 
clones was established in the thymic medulla and is called the negative selection. To get to the medulla, 
SP thymocytes which underwent the positive selection start to express the chemokine receptor CCR7  
(C-C chemokine receptor type 7) and migrate via the concentration gradient of mTEC-derived 
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chemokines CCL19 and CCL21 (Chemokine (C-C motif) ligand 19 and 21) (Kurobe et al., 2006; Ueno et al., 
2004). 
2.4. The thymic medulla and its selection processes 
2.4.1. Promiscuous gene expression 
The main requirement for the efficient negative selection in the thymic medulla is a presence of large 
repertoire of self-peptides which could be recognized by potential auto-reactive thymocytes. The 
mechanism which creates the medullary sho ase of the pe iphe  is alled the ectopic or 
synonymously promiscuous gene expression (PGE) (Klein et al., 2009).  The promiscuously expressed 
self-peptides belong to the group of so called tissue restricted antigens (TRA) which are originally 
expressed in less than five tissues from sixty tested. Linsk et al. came with the hypothesis that presence 
of this pe iphe al T‘A pat h uilt  in the thymus pointed to its possible role in negative selection of 
developing T cells (Linsk et al., 1989). The first notion of PGE in the thymus resulted from the 
experiments with RIP-Tag transgenic mouse which express T antigen (Tag) under rat insulin promoter 
(RIP). The expression of Tag, the production of which in the periphery is restricted to pancreatic-β  cells , 
was detected also in the thymus and led to the establishment of central tolerance against this antigen 
(Jolicoeur, Hanahan and Smith, 1994). The existence of PGE in the thymus was then confirmed by 
detection of expression of additional tissue specific transcripts such as brain specific antigens (Pribyl et 
al., 1996), thyroid specific genes (Sospedra et al., 1998) and C-reactive protein (Klein et al., 1998). 
However, these studies ignored the identification of cellular source responsible for PGE in the thymus. 
Turning point surrounds the study which revealed that PGE is exclusively mediated by mTECs and most 
efficiently by their mature Ulex Europaeus agglutinin 1
+
 (UEA1) subset (Derbinski et al., 2001).  
The detailed mechanisms of mTEC-mediated PGE was demonstrated by the introduction of mice lacking 
the Autoimmune regulator (Aire) (Anderson et al., 2002), which was shown to be the major regulator of 






) (Derbinski et al., 2005). Microarray 
analyses of distinct thymic cell types revealed that mTECs
Hi
 express the largest cluster of TRAs. 







) or by cTECs (Derbinski et al., 2005). Moreover, the repertoire of TRAs expressed in the thymus 
contained not only Aire-dependent but also Aire-independent genes, suggesting that Aire is not the sole 
PGE regulator (Derbinski et al., 2005). Indeed, recent study has suggested that Fezf2 is a long sought 
Aire-independent regulator of PGE (Takaba et al., 2015). Although the repertoire of TRAs expressed in 
the thymus is broad and covers almost all peripheral epitopes, several organs, for example testis and 
brain, are represented in TRA pool significantly less than other tissues (Derbinski et al., 2005). According 
to the recent study, TECs are capable to drive the expression of almost 20000 genes, among which 3980 
belong to Aire-dependent TRAs. Single mTEC
Hi
 expressed on average nearly 5300 genes from which 
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approximately 150 were TRAs regulated by Aire and about 600 TRAs were shown to be Aire 
independent (Sansom et al., 2014), indicating that contribution of other unknown PGE regulators is 
substantial. Based on the fact that the single cell PCR analysis of mTECs revealed that individual TRA is 
expressed only by 1-3% of mTECs, it was suggested that PGE is a stochastic process (Derbinski et al., 
2008). However, recent studies revealed steady co-expression patterns between either Aire-dependent 
or -independent TRA genes localized in close proximity, suggesting that PGE takes place rather with 
o de ed sto hasti it  (Brennecke et al., 2015; Rattay et al., 2016). 
2.4.2. Promiscuous gene expression on molecular level- structure and properties of Aire 
The human AIRE was identified as a gene which mutations cause a rare auto-immune syndrome called 
Autoimmune polyendocrinopathy candidiasis ectodermal dystrophy (APECED), also known as 
autoimmune polyendocrine syndrome type 1 (APS-1). The AIRE gene is formed by 14 exons, is localized 
on chromosome 21 and encodes a protein that consists of 545 amino acids (Aaltonen et al., 1997; 
Nagamine et al., 1997). The murine Aire gene is localized on chromosome 10 and demonstrates about 
80% similarity with human AIRE (Blechschmidt et al., 1999). APECED is a rare autosomal recessive 
disease with higher incidence in populations of Finns, Sardinians and Iranian jews and could be 
characterized by chronic mucocutaneous candidiasis, hypoparathyroidism and Addison´s disease.  
However, these manifestations are usually accompanied by various organ-specific auto-immunities, for 
example by the Type 1 diabetes (Kisand and Peterson, 2015). To provide a more comprehensive insight 
into the mechanisms of Aire function and pathogenesis of diseases accompanying Aire dysfunctions, the 
Aire
-/-
 mouse strains were generated. In this context it is important to emphasize that similar to human 
APECED, the phenotype of autoimmunity in Aire
-/-
 mice differs between individuals and its severity is 
highly dependent on the genetic background of a particular strain (Anderson et al., 2002; Hubert et al., 
2009; Jiang et al., 2005; Kuroda et al., 2005; Ramsey et al., 2002).  
Aire protein is structurally composed of several functional domains (Figure 2), often associated with 
nuclear proteins and transcriptional regulators. One of these domains is the caspase-recruitment 
domain (CARD) which is localized to the N-terminal end of the Aire and was shown to be crucial for the 
formation of Aire homo-dimer or homo-tetramer complexes which are necessary for its transactivation 
activities (Kumar et al., 2001; Pitk e  et al., 2000). Further, Aire contains two nuclear localization 
signals (NLS) (Pitkanen, 2001) and a SAND domain (named by Sp100, Aire, NucP41/75 and Deaf1) 
(Gibson et al., 1998) through which Aire binds the ATF7ip-MBD1 (Activating transcription factor 7–
interacting protein-Methyl CpG-binding protein 1) repressor complex that is crucial for the selectivity of 
Aire dependent genes (Waterfield et al., 2014). The C-terminal end of Aire contains two PHD zinc-finger 
domains which typically act as readers of epigenetic marks (Musselman and Kutateladze, 2011). PHD1 
domain was shown to interact with un-methylated histone H3 lysine 4 (H3K4me0) which is considered 
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to be a marker of silenced chromatin. It is suggested that PHD1 binds to inactive chromatin which 
contains genes that are considered to encode Aire-dependent TRAs. Thus, Aire recognizes its target 
genes via their epigenetic markers rather than through the specific DNA-binding consensus sequence as 
conventional TFs (Koh et al., 2008; Org et al., 2008). On the other hand, a precise function of PHD 2 
domain remains still elusive. Nevertheless, its ablation implicated this domain in the interaction with 
several binding partners involved mainly in chromatin structure and/or transcription (Yang et al., 2013). 
Aire protein also contains LXXLL motifs which were shown to mediate interactions with various 
transcriptional co-activators and co-repressors (Plevin, Mills and Ikura, 2005).  
Figure 2) Structure of Aire: The CARD domain and two LXXLL motifs constitute the N-terminal end of the 
Aire protein. In close proximity to CARD domain are localized two nuclear localization signals followed by 
a SAND domain. The C-terminal end comprises a proline rich region (PRR) and two distinct PHD1 and 
PHD 2 domains, intermingled with two LXXLL motifs. Inspired by (Mathis and Benoist, 2009). 
It is known that Aire drives the expression of approximately 4000 genes (Sansom et al., 2014), 
nevertheless, it is not completely clear how Aire specifically targets them. Aire-dependent TRA genes are 
enriched with H3K4me0 marks which can be recognized and bound by PHD1 domain (Koh et al., 2008; 
Org et al., 2008).  Although this mode of gene recognition is definitely crucial for efficient function of 
Aire, there are other mechanisms important for recognition of Aire specific genes (Koh et al., 2010). 
Recent study revealed that Aire dependent TRAs could be also characterized by the absence of 
trimethylated histone H3 lysine 4 (H3K4me3) marks and enrichment of trimethylated histone H3 lysine 
27 (H3K27me3) marks. It is clear, that Aire is not capable to directly recognize H3K27me3 marked genes 
which points to the role of Aire-interacting partners in recruitment to target genes (Sansom et al., 2014). 
One important study in this field showed that Aire interacts with ATF7ip-MBD1 repressor complex. 
ATF7ip-MBD1 binds specifically to methylated CpG islands (associated with transcriptionally silenced 
genes) that are specifically enriched in Aire-dependent TRAs. In support of this notion, MBD1
-/-
 mice 
suffer from the manifestations of auto-immune diseases (Waterfield et al., 2014).  
While the Aire resides in the nucleus, it interacts with the nuclear matrix (Akiyoshi et al., 2004) and 
aggregates into characteristic formations called nuclear speckles which are probably localized in active 
transcription regions (Su et al., 2008). To efficiently regulate the transcription of Aire-dependent genes, 
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Aire physically interacts with many TFs and regulators which form the complex of Aire interacting 
partners.  
The first discovered partner of Aire was Creb-binding protein (CBP) which is a crucial co-activator of 
gene transcription Pitk e  et al., 2000). Cooperation between Aire and CBP strongly enhances the 
transactivation properties of Aire. CBP also reveals the acetyl-transferase activity and acetylates lysines 
of the SAND domain which leads to the increased stability of Aire. Acetylated Aire also selects different 
TRA genes in comparison with non-acetylated Aire (Saare et al., 2012). Indeed, recent study confirmed 
that the activity of Aire is dependent on its acetylation status. It was found that the expression of Aire-
dependent TRAs is highly dependent on the presence of deacetylase Sirtuin-1 (Sirt1) in Aire expressing 
mTECs and it was demonstrated that Sirt1
-/-
 mice suffer from Aire-associated autoimmune 
manifestations (Chuprin et al., 2015).  
Using various experimental approaches including co-immunoprecipitation, mass spectometry analyses 
and RNAi- based methods, approximately 50 Aire binding partners were identified and divided into four 
functional clusters: I) nuclear transport II) chromatin binding/structure III) transcription IV) pre-mRNA 
processing (Abramson et al., 2010; Giraud et al., 2014). The transcription of Aire-dependent TRAs was 
found to be highly dependent on DNA damage response proteins such as DNA protein kinase (DNA-PK) 
and Topoisomerase 2 (TOP2), the members of the third cluster (Abramson et al., 2010; Guha et al., 
2017; õu e  et al., 2012). It was suggested that Aire after the binding to H3K4me0 recruits TOP2 which 
induces double strand DNA breaks. These breaks attract DNA-PK together with other detected DNA 
damage response proteins and they form a multiprotein complex  which participates in the relaxation of 
surrounding chromatin to enhance the elongation of transcription (Abramson et al., 2010). Aire mainly 
affects the elongation phase of transcription, because it binds the Cdk9 and CycT1 which together form 
the elongation complex p-TEFb (Oven et al., 2007) which is recruited to transcription start sites (TSS) of 
Aire-dependent TRA genes. The recruitment of p-TEFb is necessary for the release of stalled RNA II 
polymerases (RNApII) and for initiation of the elongation phase of TRAs transcription (Giraud et 
al.,2012). Moreover, additional study revealed that Heterogeneous nuclear ribonucleo-protein l 
(Hnrnpl), which is a splicing factor, binds both, p-TEFb and Aire and its presence is important for the 
elongation phase of TRAs transcription (Giraud et al., 2014). Aire was also found to interact with 
bromodomain containing protein 4 (Brd4) which was shown to uild a ole ula  idge  connecting 
pTEFb and Aire and promotes their interaction. In addition, the binding of Brd4 to Aire is dependent on 
the acetylation of CARD domain by CBP (Yoshida et al., 2015).  
Finally, independent yeast-two-hybrid screens revealed additional Aire partners whose specific 
contribution to the Aire function still remains uncertain. Namely the ubiquitously expressed death 
associated protein 6 (DAXX) (Meloni et al., 2010), the Homeodomain-interacting protein kinase 2 
(HIPK2) (Rattay et al., 2015) and the protein inhibitor of activated STAT (PIAS1) (Ilmarinen et al., 2008). 
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Altogether, Aire recruits dozens of interaction partners for its efficient function. Those partners that 
have been already established are depicted in model of Aire-mediated gene transcription (Figure 3). 
Figure 3) Model of Aire-mediated gene transcription:  Aire recognizes the signature of inactive 
chromatin, specifically H3K4me0 histone-marks and ATF7ip-MBD1 repressor molecules which bind 
methylated CpG di-nucleotides, and subsequently recruits TOP2 to induce double strand breaks at the 
T““s of Aire´s regulated ge es. These reaks re ruit DNA-PK a d other part ers fro  the third luster  
which participate in the relaxation of surrounding chromatin and regulate the recruitment of proteins 
responsible for Aire transcriptional transactivation capacity like CBP and Sirt1. These events are followed 
by binding of downstream regulators of gene expression, such as Brd4 and elongation factor p-TEFb 
which releases RNApII and starts the transcription of Aire regulated genes. In addition, Aire recruits 
Hnrnpl and other molecules from the fourth cluster  which with ongoing elongation phase 
simultaneously splice the nascent mRNA. Inspired by (Abramson and Husebye, 2016) 
It´s o ious f o  the a o e, that the p ese e of Ai e has a t e e dous i pa t o  the la ds ape of 
cellular gene expression. But importantly, the gene expression of Aire is inherent only to a rare subset of 
cells and therefore is tightly regulated in a cell specific manner. However, the exact regulation of Aire 
gene expression is still not entirely clear and is the subject of current research. Recent article 
demonstrated that the Aire gene locus in mTECs
Hi
 shows demethylation of specific region spanning the 
exon 2. The demethylation of this region leads to the increased accessibility for the multimolecular 
complex consisting key TFs: Irf4, Irf8, Tcf7 and Tbx21 that directly enhance the expression of Aire, 
specifically in mTECs
Hi
 (Herzig et al., 2016). More relaxed chromatin of the Aire locus in mTECs
Hi
 is 
accessible also to TFs of the nuclear factor-kappa d NFκd  signaling pathway which is a key player in the 
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regulation of Aire gene expression (Haljasorg et al., 2015; LaFlam et al., 2015) and is further discussed 
below. Nevertheless, the following chapter is focused especially on the contribution of Aire to the 
negative selection and TReg selection. 
2.4.3. Negative selection and TReg selection are mediated by several distinct types of APCs 
Because TCRs are generated by a random genetic recombination process, achieving the state of 
immunological tolerance requires that potentially dangerous auto-reactive T cells are either removed 
from the repertoire through negative selection (recessive tolerance) or kept in check by regulatory 
mechanisms (dominant tolerance). Both modes of tolerance are achieved by selection processes during 
T cell development in the thymus and result in the elimination of auto-reactive T cells or their deviation 
into the TReg lineage. Various types of APCs in thymic medulla, such as mTECs, dendritic cells (DC) and B 
cells, play a critical role in these processes (Perry and Hsieh, 2016). This sub-chapter provides a short 
overview of our knowledge in this rapidly advancing field. 
The seminal hypothesis, that Aire drives the PGE was experimentally confirmed by the generation of 
Aire
-/-
 mice which suffer from multiorgan autoimmunity. This study also mapped the expression of Aire 
to mTECs, whereby its deficiency resulted in alterations of gene expression profile, and translated 
mainly to the loss of some TRAs. This led to conclusion that TRA expression is at least partly dependent 
on Aire and its absence negatively impacts processes of central tolerance, which in turn leads to the 
development of autoimmunity (Anderson et al., 2002). Direct role of Aire in negative selection of self-
specific T cells was demonstrated by experiments with 3A9 TCR- insHEL double-tg mice (Liston et al., 
2003). These mice express the hen egg lysozyme (HEL), a neo-self antigen produced under the Aire-
dependent RIP promoter specifically in mTECs (thus mimicking Aire-dependent TRA) as well as in 
pancreatic-β cells. Simultaneously, these mice generate T cells with transgenic 3A9 TCR specific to HEL. 
Results showed that if 3A9 TCR- insHEL mice express Aire, they present HEL by mTECs and display almost 
no mature T cells bearing TCR specific to HEL, suggesting their efficient negative selection. On the other 
hand, Aire
-/-
 3A9 TCR- insHEL mice showed abrogated expression of HEL in mTECs, which translated into 
impaired negative selection of HEL-specific T cells and their abundant persistence in the periphery 
(Liston et al., 2003). Similar conclusions were made in another transgenic systems: I) OT I/II: RIP-mOVA 
mice which carried tg TCRs OT I and OT II on CD8 and CD4 T cells respectively, which were specific for 
membrane-bound ovalbumin (mOVA) expressed under RIP promoter (Anderson et al., 2005), and II) in 
experiments with interphotoreceptor retinoid-binding protein (IRBP) (DeVoss et al., 2006) which were 
further recapitulated in polyclonal experimental system (Taniguchi et al., 2012). Thus, these data 
demonstrated the role of Aire
+
mTECs in the recessive tolerance. 
The deviation of thymocytes into TRegs (TReg selection) was also found to be largely dependent on the 
presentation of antigen by Aire
+
 mTECs. In experiments with mice expressing in mTECs the influenza 
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hemagglutinin (HA) antigen produced under the Aire promoter which is presented to developing HA 
specific thymocytes, the author showed their partial deviation into TReg lineage. This was in sharp 
contrast to, TCR HA tg mice that lacks the presentation of HA in the thymus and therefore failed to 
generate any HA-specific TRegs (Aschenbrenner et al., 2007). The substantial role of mTECs as APCs that 
contribute to both recessive and dominant tolerance was further confirmed in in vivo experiments, 
using MHC II silencing by RNAi in mTECs (Hinterberger et al., 2010). Recently, the direct role of Aire in 
TReg selection was confirmed by demonstrating that generation of naturally expressed MJ23 (prostate 
cancer specific antigen) specific TRegs is fully dependent on Aire-driven expression and presentation of 
MJ23 antigen (Malchow et al., 2013). Along the same lines, the necessity of Aire expression for TReg 
selection was confirmed in another recent study which showed that most of the auto-reactive T cells in 
the periphery of Aire
-/-
 mice are developed from thymocytes which, in the presence of Aire
+
 mTECs, 
would destined for TReg selection (Malchow et al., 2016). Similarly, one additional study revealed the 
importance of the Aire expression for the generation of perinatal TRegs that functionally differ from those 
generated in the adulthood (Yang et al., 2015).  
Recently, two independent studies investigated the link between the repertoire of peptides presented in 
thymic medulla and the selection mechanism of central tolerance. They suggested that the decision 
whether the mechanism of central tolerance inclines to negative selection and/or TReg selection depends 
on the peripheral origin of the presented peptides (Legoux et al., 2015) and on the abundance and 
scope of their expression in the thymic medulla (Malhotra et al., 2016). 
However, Aire
+
 mTECs are not the only APCs involved in the establishment of central tolerance. The 
indispensable role of DCs in the mechanisms of central tolerance was documented by their ablation 
which led to the development of fatal autoimmunity (Ohnmacht et al., 2009). DCs usually accumulate in 
the close proximity to mTECs which express Aire-dependent chemokine XCL-1 and attract XCL-1 
receptor expressing DCs (Lei et al., 2011). It has been recently suggested that due to this proximity, DCs 
are able to acquire mTECs-derived antigens (TRAs) and present them to developing thymocytes which is 
indispensable for their efficient negative selection and TReg selection (Leventhal et al., 2016; Perry et al., 
2014). The latter study suggested that thymic derived CD α+ DCs (tDC) is a predominant subset capable 
to acquire mTEC-derived antigen and therefore is responsible for selection processes (Perry et al., 2014). 
Nevertheless, selection of the previously described tumor-specific TRegs (Malchow et al., 2013) was 
found to be independent on tDCs (Leventhal et al., 2016). Thus, it is not entirely clear which subset of 
DCs plays crucial role in selection processes. In this respect it is necessary to mention  that DCs in the 
thymus can be subdivided into three distinct subsets: previously discussed CD α+ tDCs, Sirpα+ migratory 
DCs (mDC) and plasmacytoid DCs (pDC) (Perry and Hsieh, 2016). In contrast to tDCs, mDCs and pDCs are 
capable to directly present antigens collected in the periphery. They migrate to the thymic medulla 
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through different pathways and participate in negative selection of auto-reactive thymocytes 
independently on PGE and Aire (Bonasio et al., 2006; Hadeiba et al., 2012). 
Thymic B cells, displaying high expression of MHC II and CD80, are also competent APCs capable to 
impose negative selection (Perera et al., 2013) and TReg selection (Walters et al., 2014). This notion is 
further supported by a recent finding that demonstrates the expression of Aire in thymic B cells. Thus, 
thymic B cells, together with mTECs
Hi
, represent unique Aire expressing APCs in the thymus. Moreover, 
their repertoire of Aire-dependent TRAs seems to be partially non-overlapping with that of mTECs
Hi
, 
suggesting that their repertoires complement each other (Yamano et al., 2015). The contribution of 
various APCs to the selection processes is summarized in Figure 4.  
Before the mTECs become efficient APCs that express a broad repertoire of TRAs, they undergo a 
complex developmental pathway which is described in the following chapter. 
 
Figure 4) T cell development and selection processes: Early T cell precursors enter the thymus in cortico-
medullary junction. Thymocytes first migrate through the cortex, where they undergo the process of 
positive selection and differentiate from DN to DP stage. Most of the developing thymocytes do not pass 
the positive selection and die by neglect. Positively selected SP thymocytes migrate to the medulla, 
where they encounter mTECs, tDCs and thymic B cells (tB cell). Interaction with those APCs can lead to 
the negative selection or their deviation into TRegs. In addition, mDCs and pDCs are also capable to induce 
the negative selection. Thymocytes which successfully underwent the selection processes then 
subsequently enter the periphery as conventional T cells or TRegS. 
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2.4.4. mTECs development 
As discussed above, mTECs could be subdivided into mTEC
Hi
  and mTEC
lo
 subsets which could be defined 
according to the expression levels of MHC II and CD80 (Derbinski et al., 2005). Several studies suggested  
that during the embryonic development mTEC
lo
 subset differentiate to mTECs
Hi
 G le , A old a d 
Kyewski, 2007; Gray et al., 2006; Rossi et al., 2007). However, in the adult thymus only part of the 
mTEC
lo
 population probably serves as an immature reservoir for mTECs
Hi
 G le , A old a d K e ski, 
2007). It is clear that individual cells forming mTECs
lo
 population differ by the expression of CCL21 and 
involucrin and represent mature cell subsets which participate in attracting of positively selected 
thymocytes into medulla (Lkhagvasuren et al., 2013) or perform terminally differentiated stage of 
TECs, hi h is alled post Aire  mTECs (Metzger et al., 2013; Nishikawa et al., 2014).  
mTECs
Hi
 population also exhibits a certain level of heterogeneity mainly based on the expression of Aire 




 are characterized by a rapid turnover, likely caused by the expression 
of Aire which accelerates the apoptosis of these cells (Gray et al., 2007). Hence, mTECs represent a 
dynamic population of proliferating, continuously differentiating as well as apoptosing cells (Gray et al., 
2006).  In addition, there is also evidence that the presence of Aire expression is crucial for proper mTEC 
development, since Aire
-/-
 mTECs display globular shape, altered localization and the inability to reach 
the terminally differentiated stage (Gillard et al., 2007; Yano et al., 2008).  In summary, mTEC population 
contains functionally and phenotypically distinct cell subsets representing developmental continuum 





TECs in general originate from the endoderm, more specifically from the embryonic third pharyngeal 
pouch (Gordon et al., 2004) which points to the fact that cTECs and mTECs share a common endodermal 





(Bennett et al., 2002; Depreter et al., 2008) have the capacity to give rise to all TEC subsets (Bennett et 
al., 2002). Then, the suggestion proposing the existence of a common bipotent TECs progenitor came 
along with cell-tracing models which demonstrated the ability of single progenitor cell to generate both 
cTECs and mTECs (Bleul et al., 2006; Rossi et al., 2006). However, these embryonic bipotent progenitors 
show very limited proliferative and self-renewal potential (Jenkinson et al., 2008), which are important 
features of stem cells. Bipotent progenitors were shown to express Foxn1 (Corbeaux et al., 2010), the 
major regulator of thymic organogenesis (Vaidya, Briones Leon and Blackburn, 2016) as well as typical 
cTEC markers, including CD205 and  β t (Baik et al., 2013; Ohigashi et al., 2013). A current article has 
even suggested that mTECs
Hi
 can arise from common cTECs which, in the embryonic thymus, exhibit 
high cellularity and proliferation rate (Brunk et al., 2017). 
On the other hand, there is also evidence describing the existence of lineage-committed unipotent 
progenitors which make up mTEC islands derived from a single cell (Rodewald et al., 2001). It was 
shown, that embryonic progenitors can be defined by the expression of claudin 3 and claudin 4 (Cld3,4) 
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(Hamazaki et al., 2007). The stem cell like potential of these cells was confirmed by the expression of 




 cells possess the ability to generate mTECs but not 
cTECs. Hence, these unipotent progenitor cells were thereafter named mTEC stem cells (mTECSCs) 
(Sekai, Hamazaki and Minato, 2014). However, mTECSCs  were shown to contribute to the maintenance 
of mTECs mainly during embryonic and early postnatal development, and only to a very limited , if any 
extend in adult thymus (Sekai, Hamazaki and Minato, 2014). It was thus suggested that the maintenance 
of mTECs in the adult thymus is dependent on progenitors distinct from those detected in embryo.  
Moreover, recent article revealed that mTECs are maintained by unipotent progenitors which, even 
though  are β t-, p e iousl  e p essed β t a ke  (Ohigashi et al., 2015).  Thus, this finding pointed to 
the fact that β t- unipotent progenitors are derived from embryonic β t+ bipotent progenitors. 
Moreo e , β t- unipotent progenitors also expressed Cld3,4 (Ohigashi et al., 2015) that are considered 
as markers of unipotent progenitors of mTECs in the embryo. Importantly, Cld3,4
+
 progenitors were 
previously shown to be dispensable for mTEC maintenance in adults (Hamazaki et al., 2007; Sekai, 
Hamazaki and Minato, 2014). Contrary to these studies, other authors suggested that the maintenance 
of mTECs in the adult thymus is mediated by bipotent progenitors. However, since these studies 
diverged in the observed progenitor phenotypes (Mayer et al., 2016; Meireles et al., 2017; Ucar et al., 
2014; Ulyanchenko et al., 2016; Wong et al., 2014), more accurate gene expression profiling  and 
proliferative potential of bipotent progenitors in adult mice still awaits its resolution.  
Recent studies, which describe the above mentioned but also phenotypically distinct mTEC unipotent 
progenitors called junctional TECs (jTEC) or precursors of Aire
+
 mTECs (pMECs) and possible downstream 
progenitors of pMECs (pro-PMECs), suggested that NFκd sig ali g path a  is crucial for their 
development into mTECs (Akiyama et al., 2016; Baik et al., 2016; Onder et al., 2015; Wu et al., 2017). 
Moreover, additional evidence suggests a key role of NFκd sig ali g i  de elop e t of mTEC subsets 




 (Akiyama et al., 2008; Boehm et al., 2003; Kajiura et al., 2004). It has 
been also shown that NFκd sig ali g oope ates ith othe  u ial ole ules fo  TEC de elop e t 
including histone deacetylase 3 (HDAC3) and signal transducer and activator of transcription 3 (STAT3) 
(Goldfarb et al., 2016; Lomada et al., 2016). Altogether, these findings underline the essential role of 
NFκd sig ali g i  TEC de elop e t. 
3. The role of NFκB signaling in establishment of central tolerance 
NFκd sig ali g pathway, which is evolutionary highly conserved, regulates the expression of essential 
genes which contribute to basic physiological functions as differentiation, proliferation and apoptosis 
and therefore it is considered indispensable for life. However, NFκd sig ali g is relevant also for more 
complex mechanisms, including the initiation of immune responses and establishment of central 
tolerance, the latter being considered quite a recent evolutionary invention. The mammalian NFκd 
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signaling is constituted by canonical and non-canonical pathways which activate different set of TFs that 
are all members of NFκd fa il . Specifically, mammals encode five members of this family: RelA, RelB, 
p50, p52 and c-Rel, each endowed with the capacity to bind to κd e ha e s from which they can drive 
gene expression. Canonical pathway preferentially activates TFs RelA, p50 and c-Rel and is triggered 
mostly by receptors typical for innate immunity, for example Toll like receptors. On the other hand, non-
a o i al NFκd signaling pathway typically induces action of TFs RelB and p52 and is activated, in the 
context of central tolerance, by several members of the tumor necrosis factor receptor superfamily, 
a el ,  the ‘e epto  a ti ato  of NFκd ‘ANK , CD  a d L photo i  β e epto  Ltβ‘ . It is 
important to emphasize that the non-canonical NFκd sig ali g can be sub-divided according to its 
intracellular transducers to classical (NIK, IKKα, T‘AF , ‘eld, p  a d o -classical (TRAF6, RelA, RelB, c-
Rel) pathways (Sun, 2011). Importantly, while it is now clear that the crosstalk between both classical 
and non-classical non-canonical pathways is necessary for establishment of central tolerance, the most 
current evidence describes the role of classical non-canonical NFκd sig ali g i  this phe o e o  (van 
Delft, Huitema and Tas, 2015). Therefore the following chapters are mostly dedicated to classical non-
canonical NFκd sig ali g. The next chapter introduces its molecular components in the context of signal 
transduction.  
3.1. Signal transduction pathway of non-canonical NFκB signaling 
The receptors of non-canonical NFκd sig ali g mentioned above, RANK, CD40 and Ltβ‘, are activated by 
its ligands RANKL, CD40L and Ltα1β2, respectively (Locksley, Killeen and Lenardo, 2001). If the receptors 
are not engaged by their cognate ligands, TRAF3-TRAF2-cIAP1/2 ubiquitin ligase complex binds NFκd-
inducing kinase (NIK) via TNF receptor-associated factor 3 (TRAF3) (Liao et al., 2004), thus causing NIK 
ubiquitination and its subsequent degradation by proteasome. Upon receptor engagement, the TRAF3-
TRAF2-cIAP1/2 complex, instead of NIK, binds the activated receptors and ubiquitinates self on TRAF3 
and TRAF2, which causes the degradation of this complex (Vallabhapurapu et al., 2008; Zarnegar et al., 
2008). Unengaged and free NIK then a ti ates its do st ea  ki ase Iκd ki ase-α IKKα  and both 
kinases phosphorylate the inactive precursor of p52 called p100 (Senftleben et al., 2001; Xiao, Harhaj 
and Sun, 2001). p100, which on it C-terminus contains Ankyrin inhibitory domain (AID), resides in the 
cytoplasm, forms a heterodimer with RelB TF and blocks its nuclear translocation (Solan et al., 2002). 
Phosphorylation of p100 attracts the SCF ubiquitin ligase which ubiquitinates p100, leading to a 
proteasomal removal of AID and truncation of p100 into p52 (Liang, Zhang and Sun, 2006). Newly 
formed p52 constitutes active heterodimer with RelB and they together translocate into the nucleus to 
enhance the expression of target genes via binding to their κd e ha e s. The inactivation and 





Figure 5) Inactivation and activation of non-canonical NFκB signaling: I a ti e re eptors do ´t i d the 
TRAF3-TRAF2-cIAP1/2 (cIAP) ubiquitin ligase complex which ubiquitinates NIK. Ubiquitinated NIK is 
degraded by proteasome. RelB/p100 heterodimer complex is not decayed and remains in the cytoplasm. 
The signal transduction is then suspended. When receptors are activated by their ligands, TRAF3-TRAF2-
cIAP ubiquitin ligase complex binds to activated receptors and is self ubiquitinated what causes their 
degradation by proteasome. NIK phosphorylates IKKα and they cooperate in phosphorylation of p100 
that constitutes binding site for SCF ubiquitin ligase. p100 is ubiquitinated by SCF which results to decay 
of p100 into p52. RelB/p52 heterodimers then translocate into nucleus to enhance the transcription of 
various genes. Inspired by (Sun, 2011). 
3.2. Contribution of individual components of NFκB signaling to central tolerance 
The role of non- a o i al NFκd signaling pathway in establishment of central tolerance was firstly 
documented by experiments with RelB
-/-
 mice which revealed severe defects of thymic medulla and 
manifestations of multi-organ autoimmunity (Burkly et al., 1995; Weih et al., 1995). The following years 
brought comprehensive analyses of individual contributions of non- a o i al NFκd signaling molecular 
components (mostly the classical, but also the non-classical) to central tolerance. Results of these 
experiments are summarized in the next chapter which is divided according to the function of these 
components in the signaling cascade to two sub-chapters: I) Receptors II) Intracellular transducers.   
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3.2.1. Receptors of the non-canonical NFκB signaling pathway 
Each of the previously described receptors (RANK, CD40 and Ltβ‘) transduces signals that cause 
different effects on the establishment of central tolerance. However, it is important to note that 
signaling through these receptors is also mutually interconnected and dependent on each other as it is 
discussed below. 
mTECs and especially mTECs
Hi
 in the embryonic thymus were found to express RANK. The stimulation of 
RANK by RANK ligand (RANKL) resulted in increased mTEC
Hi
 cellularity and up-regulation of Aire-
dependent TRAs expression which pointed to the fact that RANK signaling contributes to mTECs 
development. The role of RANK signaling in mTECs development was further confirmed by using RANK
-/-
 
mice which revealed almost complete absence of mTECs
Hi
. In addition, the transplantation of RANK
-/-
 
thymus into athymic nude mice led to the development of severe autoimmunity (Rossi et al., 2007). The 
following comprehensive study further demonstrated clear differences between RANK signaling in 
embryonic and adult thymus. While the embryonic thymus of RANKL
-/-
 mice revealed the lack of mTECs, 
this insufficiency was partially restored few days after birth, suggesting additional requirement for 
signaling supporting mTEC development in postnatal/adult thymus (Akiyama et al., 2008). The receptor 
CD40, which was previously found to impact the development of mTECs and thymic medulla (Dunn et 
al., 1997; Gray et al., 2006) as well as TReg selection (Guiducci et al., 2005; Kumanogoh et al., 2001; 
Spence and Green, 2008), showed its high expression in mTECs of adult mice and therefore was 





 mice which demonstrated an altered thymic morphology including undefined 






 mTEC progenitors and the expression of 
Aire, which is much more pronounced impact in comparison to RANKL
-/-
 adult mice, suggesting 
abrogated development of whole mature mTEC compartment (Akiyama et al., 2008). The 




) thymus into athymic nude mice revealed a more severe 
phenotype than the single RANKL
-/-
 mice. On the other hand, single CD40
-/-





 and no autoimmune manifestations (Akiyama et al., 2008). In addition, more 
recent study revealed that the CD40 signaling is directly triggered by RANK signaling, in the postnatal 
mice  (Desanti et al., 2012). 
Despite the fact that RANK and CD40 signaling are very important for Aire-driven mechanisms of central 
tolerance, the cellular sources of RANKL and CD40 ligand (CD40L) are still obscure. It was suggested that 
the source of RANKL in the embryo are lymphoid tissue inducer (Lti) cells and dendritic T cell epidermal 
progenitors (DETC) (Roberts et al., 2012; Rossi et al., 2007), whereas the source of RANKL and CD40L in 




As disclosed above, RANK signaling crucially contributes to the development of mTECs and increases its 
cellularity. Nevertheless, targets of RANK signaling are affected also by Osteoprotegerin (OPG) which 
operates as its negative regulator (Hikosaka et al., 2008). OPG is a soluble non-signaling RANKL decoy 




 in the thymus (McCarthy et al., 2015). The usage of OPG
-/-
  
mice clearly demonstrated altered cellularity of mTECs
Hi
 (Hikosaka et al., 2008; Khan et al., 2014). OPG 
expression was shown to be highly dependent on TF Spi-b, the expression of which is triggered by RANK 
signaling. This suggests a negative feedback between RANK signaling and OPG which directly controls 
mTEC cellularity (Akiyama et al., 2014).  
Together with RANK and CD40, Ltβ‘ sig ali g also participates in establishment of central tolerance. 
First study fo used o  the Ltβ‘ sig ali g i  this context e ealed that Ltβ‘-/- mice suffer from decreased 
mTEC cellularity and disrupted three-dimensional scaffold (3DS) of mTECs (Boehm et al., 2003). 
However, the expression of Aire was found to be unaffected, in contrast to contemporary study (Chin et 
al., 2003). Consistently with defects of medulla, Ltβ‘-/- mice revealed signs of autoimmunity against 
several organs (Boehm et al., 2003; Chin et al., 2003). Microarray analysis of mTECs sorted from Ltβ‘-/- 
mice o fi ed that Ltβ‘ sig ali g doesn´t influence expression of the Aire and Aire-dependent TRAs 
(Venanzi et al., 2007). Despite the fact that Ltβ‘-/- and lymphotoxin α (Ltα-/-) mice displayed decreased 
cellularity and disrupted 3DS of mTECs, the TReg selection was completely unaffected (Martins, Boehm 
and Bleul, 2008; Venanzi et al., 2007; Zhu et al., 2007). The additional study demonstrated that signaling 
through Ltβ‘ influenced the migration of thymocytes between cortex and medulla by regulation of 
chemokines CCL19 and CCL21 (Zhu et al., 2007), which are also crucial for establishment of central 
tolerance (Kurobe et al., 2006; Laan et al., 2009). Indeed, qPCR analysis revealed that expression of 
CCL19 and CCL21 is reduced in Ltβ‘-/- mice which furthermore revealed a comparable phenotype of 




 mice (Zhu et al., 2007). Altogether, these findings 
point to the fact that the breakdown of central tolerance in Ltβ‘-/- mice could be caused by abrogated 
chemokine expression. Subsequent study specified that the deficiency in Ltβ‘ signaling causes the loss 
of mainly mature mTECs
lo




 and confirmed reduced expression of CCL19 and 
some Aire-independent TRAs, namely CRP and type-2 collagen (Seach et al., 2008). Finally, previous 
findings were summarized in a recent study which suggested that Ltβ‘ sig ali g specifically influences 













 could belong to the involucrin
+
 post-Aire expressing mTEC
lo
 subset, 
which also require Ltβ‘ signaling for their development (White et al., 2010). Another recent study 
described the role of Ltβ‘ sig ali g i  ho eostasis of TEC p oge ito s. Co ditio al KO of Ltβ‘ caused 
decreased mTEC cellularity, disruption of 3DS and impaired negative selection as it was shown in Ltβ‘-/- 
mice. However, this effect was observed only in case of postnatal/adult mice and not during the 
embryonic development. This study concluded that Ltβ‘ sig ali g i  the adult i e influences the 
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cellularity of previously discussed mTECSCs, probably by regulation of their differentiation from specific 
progenitors, a d the efo e the Ltβ‘ defi ie  auses edulla  defe ts (Wu et al., 2017).  
The contribution of RANK and Ltβ‘ signaling to the central tolerance could be summarized by a recent 
article which underlines their different roles. RANK signaling is considered to drive mainly the 
development of mTECs
Hi
 and the expression of Aire. On the other hand Ltβ‘ signaling which influences 




, plays a crucial role in the regulation of expression of specific 
chemokines CCL19 and CCL21, which are involved in the cortex-medulla migration of thymocytes and 
establishment of central tolerance (Bichele et al., 2016). This e ide e does ´t e lude the cooperation 
between these two signaling pathways mainly in the embryonic thymus, where the Ltβ‘ signaling 
enhances the expression of RANK (Bichele et al., 2016; Mouri et al., 2011) This observation is supported 
by the fact that double KO (Ltβ‘-/- RANKL-/-) mice showed even more pronounced medullary defect than 
that observed in single Ltβ‘-/- or RANKL-/- mice alone (Mouri et al., 2011). 
3.2.2. Intracellular transducers of the non-canonical NFκB signaling pathway 
The engagement of the receptors converges into the intracellular signaling cascade driven by kinases 
and TFs which are shared among all three (RANK, CD40 and Ltβ‘) receptors of non-canonical NFκd 
signaling pathway. For this reason, KOs of intracellular transducers cause much more pronounced 
defects in establishment of central tolerance in comparison with KOs of individual receptors. As it was 
shown in chapter 3.1., the most upstream major intracellular component of non-canonical NFκd 
signaling pathway is NIK. The role of NIK in establishment of central tolerance was discovered using the 
Alymphoplasia (Aly/Aly) mice carrying non-functional mutation in NIK gene (NIK
Aly/Aly
) (Shinkura et al., 
1999). These mice demonstrated a disturbed thymic architecture manifested by a smaller medulla, 
undefined CMJ and decreased number of mTECs
Hi
 (Kajiura et al., 2004). Grafting of NIK
Aly/Aly
 thymus into 
the nude mice led to the development of autoimmunity in the liver and pancreas. This was in agreement 
with the fact that NIK
Aly/Aly
 thymus almost entirely lacks the expression of Aire and TRAs and 
consequently impacts both TReg and negative selections (Kajiura et al., 2004; Mouri et al., 2014; Murray, 
2013). Moreover, NIK
Aly/Aly
 mice also revealed reduced expression of TF RelB and increased frequency of 
p100 (Kajiura et al., 2004). In addition, NIK-dependent signaling was found to be also crucial for 
development of DCs in the thymus and their efficient function in the central tolerance (Hofmann et al., 
2011; Mouri et al., 2014). Another study also revealed that non-canonical NFκd signaling via NIK is 
crucial for the development of specific TEC subset, namely differentiation of previously mentioned 
jTECs, which reside in CMJ, into mTECs. Notably, medullary conditional KO of NIK caused accumulation 
of jTECs in whole medulla  and completely blocked the generation of mature mTECs (Onder et al., 2015).  
Similar phenotype with NIK
Aly/Aly
 mice was observed in mice deficient for the non-classical component of 
non-canonical NFκd sig ali g pathway referred to as TNF receptor-associated factor 6 (TRAF6) (Akiyama 
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et al., 2005). In this context, it is important to emphasize that efficient signaling from RANK and CD40 
receptors requires both TRAF6 and NIK components (Akiyama et al., 2008; Mouri et al., 2011), whereas 
Ltβ‘ signaling is dependent only on its classical component NIK (Mouri et al., 2011).  
 Similar to TRAF6
 
KO, the mice deficient in NIK´s do st ea  ki ase IKKα showed nearly identic 
phenotype as NIK
Aly/Aly
 mice, resembling its medullary defects and autoimmune manifestations. IKKα 
deficiency moreover led to the reduced expression of chemokines CCL19 and CCL21 (Kinoshita et al., 
2006; Lomada et al., 2007).  
 As it was discussed in chapter 3.1., the phosphorylation of p100 by NIK and IKKα leads to the 
translocation of RelB/p52 complex into the nucleus. The important role of RelB in the mechanisms of 
central tolerance was revealed by the detection of multi-organ autoimmunity in RelB
-/-
 mice (Weih et al., 
1995). Additional studies revealed an atrophic thymic medulla, undefined CMJ, loss of UEA1
+
 mTECs and 
thymic DCs and undetectable expression of Aire in RelB
-/-
 mice (Burkly et al., 1995; Heino et al., 2000). 
Another insight into the role of RelB in the thymus was shown by using a conditional KO of RelB, in the 
thymus, constructed via LoxP sites flanking the RelB gene and Cre-recombinase expressed under Foxn1 









 and also the loss of Cld3,4
+
 mTEC progenitors, suggesting that the development of 
mTECs was stuck at very early developmental stage. Consistently with the loss of mTECs
Hi
, the 
expression of Aire-dependent and independent TRAs was also reduced. Moreover, RelB deficiency in 
TECs caused reduction of TRegs and tDCs, suggesting developmental link between mTECs and tDC 
(Riemann et al., 2017). Somewhat surprisingly, all the observed defects in RelB conditional KO were also, 
however to a lesser extent, detected in mice with TECs lacking RelA, the TF of non-classical non-
canonical NFκd sig ali g path a . RelA together with other components of this pathway namely, c-Rel 
and TRAF6  were found to enhance the expression of RelB (Riemann et al., 2017). Hence, this study 
suggests that the role of non-classical non-canonical NFκd signaling pathway in establishment of central 
tolerance is to enhance the expression of RelB (Riemann et al., 2017).  
 The deficiency in NFκd , the gene encoding TF p52 and its precursor p100, was also found to influence 
mTECs development and central tolerance. However, it is important to note that the defects were not 




, IKKα-/-, or RelB-/- mice (Zhang et al., 2006; Zhu et al., 2006). 
NFκd -/- mice revealed the reduction in UEA1+ cells and almost complete lack of mTECsHi (Zhang et al., 
2006; Zhu et al., 2006). Fu the o e, NFκd -/- mice displayed breakdown of central tolerance, which was 
not caused by impaired TReg selection, followed by multi-organ autoimmunity (Zhang et al., 2006; Zhu et 
al., 2006).  
The contribution of classical non-canonical NFκd components to the establishment of central tolerance 





 Table 1) Contribution of individual non-canonical NFκB signaling components to establishment of 
central tolerance: The table provides a summary of medullary defects and organ specific autoimmune 
manifestations (lymphocytic infiltrations) in mice with knocked out individual components of the classical 
non-cano i al NFκB sig ali g path a . CN“  k o kout mouse, which is the main topic of chapter 3.3., 
and Aire knockouts on different backgrounds are shown here for comparison. Abbreviations: * Increased 
mTEC
Hi
 numbers; Li: Liver; Lu: Lung; P: Pancreas; K: Kidney; SG:  Salivary gland; R: Retina 
 The generation of KO animals with individual deficiencies in NFκd signaling components, enabled to 
gain insight into the processes underpinning the differentiation of mTEC progenitors into mTECs. Based 
on the evidence that RANK signaling directs the development of Aire
+
 mTECs, the potential precursors of 
Aire
+








, were identified. These precursors also 
expressed cTEC markers, such as keratin 8 and β t (Akiyama et al., 2016). Indeed, pMECs were found to 
give rise to Aire
+
 mTECs after their addition into thymic culture from NIK
Aly/Aly
 mice. The differentiation of 
pMECs into Aire
+
 mTECs was found to be dependent on the expression of TRAF6, as the TRAF6
-/-
 thymus 
revealed the absence of Aire
+
 mTECs and accumulation of pMECs. On the other hand, the deficiency in 









 (CD24 is a stem cell marker). These cells were named progenitors of pMECs (pro-pMECs), as they 
could hypothetically give rise to pMECs, and they were found to give rise to Aire
+
 mTECs. Finally, the 










 Aire TRA 
T 
Reg 
Li Lu P K SG R  
RANK             Rossi et. al. 2007 
RANKL             Akiyama et. al. 2008 
RANKL/ 
CD40 
            Akiyama et. al. 2008 
Ltβ‘             Boehm et. al. 2003 
Zhu et. al. 2007 
NIK
Aly/Aly
             Kajiura et. al. 2004 
IKKα             Kinoshita et. al. 2006 
Lomada et. al. 2007 
RelB             Riemann et. al. 2017 
NFκd              Zhang et. al. 2006 
Zhu et. al. 2006 
CNS1   *          LaFlam et. al. 2015 
Aire 
(B6) 
  *          Hubert et. al. 2009  
Aire 
(BALBc) 
            Jiang et. al. 2005 
Legend 
   
Not detected Detected Undetermined 
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progressive differentiation of pro-pMECs was shown to require also RANK and Ltβ‘ signaling. 
Altogether, this study suggested that the differentiation of pro-pMECs into the downstream 
developmental stages requires RelB, RANK and Ltβ‘, suggesting the contribution of classical non-
canonical NFκd signaling pathway to this process. On the other hand, the differentiation of pMECs into 
Aire
+
 mTECs was found to be RANK- and TRAF6-dependent which indicates  the involvement of non-
classical non-canonical NFκd sig ali g pathway (Akiyama et al., 2016). Another recent study also 
mapped the expression of RANK in Cld3,4
+
 progenitors and revealed that their previously discussed 
SSEA-1
+
 subset, here referred to as mTECSCs (Sekai, Hamazaki and Minato, 2014), do ´t e p ess ‘ANK 




 descendants (Hamazaki et al., 2007) 
were found to be RANK
+





 was shown to be entirely dependent on the expression of RelB. Thus, the differentiation of 
mTECSCs into mTECs requires non-canonical NFκd signaling pathway for its implementation (Baik et al., 
2016). Hence, although the knowledge about the nature, phenotype and gene expression landscape of 
mTEC progenitors still remains uncertain, as discussed above, it is clear that NFκd signaling is critically 
required for their differentiation into mTECs. 
Altogether, the chapter 3.2. summarizes data which provide st o g e ide e that NFκd sig ali g is 
essential for establishment of central tolerance. In addition, the past two years brought two new reports 
that described a new phenomenon related to a direct regulation of Aire expression by NFκd via binding 
to its κd e ha e s. To this discovery is dedicated the last chapter of my thesis. 
3.3. Direct regulation of Aire expression by NFκB signaling 
As it was described in a more detail in the chapter 2.4.2., the recent study analyzed the Aire gene 
methylation pattern in various cell types. mTECs and especially mTECs
Hi
 showed strong demethylation in 
the region of Aire gene, arguing for the presence of chromatin regions accessible to TFs. Indeed, the 
demethylation of Aire gene in mTECs
Hi
 enabled recruitment of multimolecular complex of TFs which 
induced its expression (Herzig et al., 2016). Presumably, a relaxed structure of chromatin in mTECs
Hi
 
could be more accessible also to TFs of NFκd family which might induce the expression of Aire. This 
assumption was strongly supported by the fact that the deficiency in majority of the above described 
i di idual NFκd sig ali g components resulted in the reduction or loss of Aire expression and Aire-
dependent TRAs. These studies, however, assumed that impaired Aire expression is the consequence of 
mainly developmental defects of mTECs caused by defected NFκd signaling. 
Recently, the hypothetical cis-regulatory element of Aire gene, already described in early study 
(Blechschmidt et al., 1999), underwent further functional analysis. It revealed that this region, located 
approximately 3 kilo-base pairs upstream from the Aire promoter, contains two highly conserved  κd 
e ha e  sites, i di ati g possi le di e t ole of NFκd sig ali g i  the inducement of Aire gene 
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expression (Haljasorg et al., 2015). This region was named as the conserved non-coding sequence 1 
(CNS1) (also referred to as ACNS1). To further scrutinize its function, CNS1
-/-
 mouse strain was 
constructed. CNS1
-/-
 mice exhibited a complete loss of Aire expression on both, mRNA and protein level. 
Consistently with loss of Aire, the expression of Aire-dependent TRAs was severely reduced, whereas 
the expression of Aire-independent TRAs remained on its normal levels. Similarly to Aire
-/-
 mice, the 
cellularity of CD4/CD8 SP thymocytes in the CNS1
-/-
 thymus was comparable with WT mice (Anderson et 
al., 2002), suggesting their normal development. Nevertheless, the deviation of thymocytes into TReg 
lineage in CNS1
-/-
 mice was impaired (Haljasorg et al., 2015). Furthermore, the CNS1
-/-
 mice revealed 
unaffected thymic architecture, with slightly increased number of mTECs
Hi
  (Haljasorg et al., 2015), 
which is again typical phenotype of Aire
-/-
 mice (Hubert et al., 2009). On top of that, mTECs from the 
CNS1
-/-
 thymus were found unable to reach the terminal differentiation stage (Haljasorg et al., 2015).  
Several studies detected the expression of Aire also in the periphery, specifically in spleen, lymph nodes 
and testes (Gardner et al., 2008; Schaller et al., 2008). Besides the absence of Aire expression in the 
thymus, CNS1
-/-
 mice did not reveal expression of Aire in the spleen and lymph nodes, whereas its 
expression was detectable in testes. This suggests, that CNS1 specifically regulates the expression of Aire 
in lymphoid organs (Haljasorg et al., 2015). 
To verify, that CNS1 directly enhances the expression of Aire ( CNS1 proximal gene) after the stimulation 
of a ious TFs of NFκd family, the reporter, which contained CNS1 upstream of the interferon-β i i al 
promoter followed by luciferase, was constructed and transfected into human embryonic kidney 293 
(HEK 293) cells together with vectors expressing NFκd TFs (Haljasorg et al., 2015). While the classical 
components of non- a o i al NFκd sig ali g pathway, the RelB and p52, were found to enhance the 
expression of luciferase only negligibly, the components of the non-classical non-canonical pathways, 
the RelA, c-Rel and p50, o side a l  e ha ed the a ti it  of lu ife ase, f o  oth κd e ha e s. 
Mo eo e , the utatio s of i di idual o  oth κd enhancers completely abrogated the enhancement of 
lu ife ase a ti it , e e  i  the p ese e of ‘elA a d p , suggesti g that κd e ha e s a t s e gisti all  
and the presence of both is needed for their proper function (Haljasorg et al., 2015).  
Previous studies, focused on RANK signaling, revealed that stimulation of mTECs with RANKL increased 
the number of Aire expressing mTECs (Hikosaka et al., 2008; Rossi et al., 2007). To find out, whether 
RANK signaling directly induces the expression of Aire in CNS1
-/-
 mTECs , thymocyte-free fetal thymic 
organ culture  (FTOC) was stimulated by RANKL. Data showed no up-regulation of Aire expression, 
suggesting that RANK signaling directly triggers the expression of Aire which acts via κd enhancers 







Figure 6) Dual role of RANK signaling in establishment of central tolerance: RANK signaling is required 
for development of mTEC progenitors into its immature subset which gives rise to mature mTECs. The 
expression of Aire in mTECs
Hi
 is also induced by RANK signaling which translates into the binding of NFκB 
TFs to the CNS1. Hence, RANK signaling plays a dual role in mTECs
Hi
: first it mediates their maturation, 
and second, it directly induces the expression of Aire. Inspired by (Matsumoto, 2015) 
While the above discussed study failed to detect signs of autoimmunity against any organ tested 
(Haljasorg et al., 2015), the second study, also using CNS1
-/-
 mice on autoi u e- esista t  C57BL/6 
genetic background, detected a mild lymphocytic infiltrates in lacrimal glands, salivary glands and retina 
(LaFlam et al., 2015). Moreover, specific autoantibodies against retinal TRA IRBP (DeVoss et al., 2006) 
were also detected (LaFlam et al., 2015). In this context, it is important to emphasize that Aire
-/-
 mice 
constructed on the same genetic background as CNS1
-/-
 (C57BL/6), revealed very comparable signs of 
autoimmunity (Hubert et al., 2009).  
Apart from differences in autoimmune manifestations, the phenotype of thymic medulla was 
comparable in both studies using CNS1
-/-
 mice. Nevertheless, in contrast with Haljasorg et. al., using 
analogous in vitro reporter transfections into HEK 293 cells in the second mentioned study revealed a 
significant enhancement of the proximal gene via CNS1 by RelB and p52, the members of classical non-
a o i al NFκd sig ali g path a  LaFla  et al., . 
Thus, even though it is not entirely clear which TFs of the previously discussed NFκd pathways play 
primary role in triggering the expression of Aire or whether they act simultaneously in this process, it is 
apparent that NFκd sig ali g, triggered by RANK, is a major inducer of Aire expression in mTECs. 
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4. Summary and discussion 
The past two decades brought fundamental knowledge related to T cell central tolerance. The turning 
point came in 1997 with the discovery of the human Autoimmune-regulator (AIRE) gene, the mutations 
of which cause severe autoimmune syndrome, referred to as APECED.  Subsequently, the murine Aire 
gene was found to be a homologue of human AIRE and mouse was suggested to be a suitable model for 
studying Aire structure and functions. In the ea ti e, du i g ´s, the ectopic promiscuous gene 
expression (PGE) of tissue restricted antigens (TRA) was detected in the thymic medulla and this 
phenomenon in the beginning of the millennium was attributed to medullary thymic epithelial cells 
(mTECs). Crucial point for further studies in the field of central tolerance was the introduction of Aire 
knouckout (Aire
-/-
) mice in 2002 which revealed that Aire is the missing link, which is specifically 
expressed by mTECs, where it acts as a key regulator of PGE. Aire
-/-
 mice also revealed signs of multi-
organ autoimmunity, indicating that the absence of Aire has a negative impact on selection processes 
associated with mechanisms of central tolerance. This hypothesis was confirmed by various studies 
which were based mostly on transgenic mice models which generated T cells specific to a given neo-self 
antigen that functionally mimics the TRA in these studies. Aire was found to be crucial for both selection 
mechanisms the negative selection of self-reactive T cells as well as their deviation into T-regulatory 
cells (TReg). To fulfill these tasks, mTECs were characterized as very efficient antigen presenting cells 
(APC) expressing high levels of MHC molecules and auxiliary co-stimulatory receptors necessary for 
these selection processes. 
Concurrently with the above analyzed discoveries, the research focused on the involvement of NFκd 
signaling pathway in central tolerance took place. It was found out that both the classical and non-
classical non-canonical NFκd signaling pathways, which differ in their intracellular transducers, 
participate and shape the outcome of central tolerance. Specifically, both share the key role in 
establishment of central tolerance, the role which has been illustrated using various mice models with 
tissue specific deficiency in a particular component of NFκd signaling. These experiments provided a 
consensus that impaired NFκd signaling leads to altered organization of medulla, impaired development 
of mTEC subsets and loss of Aire and TRAs expression. These mice furthermore displayed multi-organ 
autoimmunity which resembles the phenotype observed in Aire
-/-
 mice.  
More recent studies focused on the mode of Aire on molecular level revealed that it requires nearly fifty 
interaction partners for its proper function. Furthermore, the role of thymic DCs in central tolerance was 
re-evaluated with emphasis on their contribution to TReg selection. In addition, thymic B cells were 
shown to play an important role in establishment of central tolerance as well, which is enhanced by the 
fact that thymic B cells can be licensed to express Aire. Importantly, extensive knowledge concerning 
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mTECs development has been also accumulated in the literature which provides multitude of important 
cues for further advancement in this rapidly developing field of research.  
Nevertheless, the crucial knowledge and somewhat unexpected discoveries directly related to the topic 
of my thesis were brought by studies from the past two years which have described direct role of NFκd 
signaling in two essential processes for central tolerance. First, NFκd signaling was shown to be 
indispensable for maintenance and progressive differentiation of mTEC stem cells (mTECSC), mTEC 





Second, NFκd signaling was found to drive the expression of Aire gene from the conserved non-coding 
sequence 1 (CNS1) which contains two κd e ha e  sites. When these sites were knocked out, affected 
mice displayed phenotype comparable with that of Aire
-/-
 mice, suggesting that NFκd signaling pathway 
is the major regulator of Aire expression. Given that NFκd signaling plays a dual role in central tolerance 
by being indispensable for the generation of mTECs as well as expression of Aire in these cells, these 
recent findings implicate NFκd signaling as the master regulator of critical processes associated with the 
development, establishment and function of central tolerance in thymic medulla, either directly or 
indirectly. 
Because the current evidence, which suggests direct regulation of Aire expression by NFκd signaling, is 
mostly based on in vitro experiments, future studies should further disclose for example which 
transcription factors (TF) of NFκd family specifically trigger the expression of Aire via CNS1 and many 
other aspects accompanying the regulation of Aire gene expression in more physiological conditions. 
The future discovery of more specific phenotypes of mTEC progenitors and precise description of their 
developmental lineage up to mature mTECs will on the other hand support to broaden the knowledge 
about the role of NFκd sig ali g i  TECs de elop e t. In general, the research of central tolerance is 
largely limited by the experimentally available number of its main cell type mTECs, which, in addition, 
are very tricky to isolate and work with as they rapidly change their gene expression profile after being 
withdrawn from their natural thymic environment. For these and other reasons, a large junk of data are 
inherently burden with relevant experimental uncontrollable factors that might lower their informative 
value.  
Finally, it is important to mention that due to only recent acquisition of the knowledge about processes 
regulating mechanisms of central tolerance and Aire expression, their clinical utility has been so far 
unexplored. However, given the rapid progress in this field, exploitation of available data for 
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